Many germ cell studies over the last century have focused on testicular cell culture (Wolff and Haffen, 1965; Russell and Steinberger, 1989; Kierszenbaum, 1994) . The first germ cell culture systems were directed at studying gonadal embryogenesis and male germ cell differentiation. Today's culture systems are powerful tools that bring about new knowledge and applications to the study of spermatogenesis. The culture of Sertoli cells is mentioned only as a coculture process with germ cells. The main focus of this review is the differentiation of male germ cells, and more precisely, the meiotic step of that differentiation.
Many germ cell studies over the last century have focused on testicular cell culture (Wolff and Haffen, 1965; Russell and Steinberger, 1989; Kierszenbaum, 1994) . The first germ cell culture systems were directed at studying gonadal embryogenesis and male germ cell differentiation. Today's culture systems are powerful tools that bring about new knowledge and applications to the study of spermatogenesis. The culture of Sertoli cells is mentioned only as a coculture process with germ cells. The main focus of this review is the differentiation of male germ cells, and more precisely, the meiotic step of that differentiation.
The various studies can be divided into 3 main categories depending on the historical advancement (early attempts at gametogenesis in vitro, intermediate progress, and latest refinements). Examples highlighting the strong and weak points of each period are summarized in this review.
Early Attempts at Gametogenesis In Vitro
Tissue culture-Champy (1920) first described differentiation of male germ cells in vitro in his cultures of small parts of testis from adult rabbits in blood plasma. But this basic method appeared to be inadequate for the survival of cultured germ cells. Indeed, although somatic and undifferentiated germ cells survived for 1 week at best, differentiating germ cells (spermatocytes and spermatids) degenerated within 2 to 7 days. Yet, Champy observed spermatogonial mitosis in the first week and newly formed leptotene primary spermatocytes after 9 days. It was the first report of male germ cells having entered meiotic prophase in vitro. Michailow (1937) reported that seminiferous tubules from immature rabbits could survive 70 days in culture. Again, it seemed that only undifferentiated germ cells were able to survive in vitro. Gaillard and Varossieau (1938) confirmed this result with cultures of rat testicular fragments in rat plasma. Testicular fragments from immature animals (28-day-old rats) survived better when they were cultured in plasma from adult animals than from that of immature animals. For differentiation, however, their results were more ambiguous. Indeed, it is difficult to determine on the basis of morphological criteria only, whether the spermatids they observed were produced in vitro or whether they simply survived in culture after being produced in vivo.
Organ Culture: Undifferentiated Gonads-In 1952, Wolff reported that undifferentiated mouse gonads (10-11.5 days postcoitum) could differentiate in vitro either into ovaries or testes after 4 to 6 days of culture using the maturation medium devised by Wolff and Haffen (1951) . The undifferentiated gonads became sterile ovaries or testes. The medium ensured the good development of the somatic tissue of the gonads, but not the survival and differentiation of germ cells. Furusawa (1960, 1961) , using mouse gonads just before and after sexual differentiation, placed the gonads in culture for 21 to 44 hours. The results showed that horse serum exhibited a delayed effect on gonadal sexual differentiation of gonads. Magre and Jost (1984) confirmed the negative effect of serum on the development of seminiferous tubules. On the contrary, a medium made of Tyrodes buffer supplemented with glucose enhanced the differentiation of gonads in these shortterm cultures, but no germ cell differentiation was noted (Asayama and Furusawa, 1960) .
Organ Culture: Differentiated Gonads-Martinovitch produced spectacular results as early as 1937. He cultured gonads taken from rats and mice just after birth in a medium devised by Fell and Robison (1929) . Martinovitch observed the long-lasting survival of gonadal tissue in a system that allowed the testicular architecture to be maintained, and this resulted in the differentiation of male germ cells from immature animals. Pachytene primary spermatocytes were formed after 11 days of culture from newborn mouse testes. Borghese and Venini (1956) confirmed parts of the results of Wolff (1952) and Martinovitch (1937) by using gonads from mouse embryos aged 13 to 18 days postcoi-tum. They showed that fetal gonads can keep developing in vitro. At the time when the gonads were removed, the primary testes contained Sertoli cells and spermatogonial germ cells in close contact to one another. After a few days of culture, the germ cells moved away from the Sertoli cells, toward the apical part of the seminiferous tubules.
Summary of Methods and Success-At least 2 methods have been presented. 1) At the beginning of the century, the tissue culture system allowed gonocytes to survive for the long term and germ cells to enter meiotic prophase.
2) The organ culture system gave better results. With undifferentiated gonads, it was proven that sexual differentiation could occur in vitro. However, in this model, few germ cells survived and none differentiated. With differentiated gonads, seminiferous tubules were able to survive several weeks in culture. Germ cells continued their differentiation to reach the developmental steps of pachytene primary spermatocytes in the experiments of Martinovitch (1937) , who seems to have had particularly good conditions for that time.
Intermediate Progress
At the beginning of the 1960s, Anna and Emil Steinberger, together with William Perloff, began studying the long-term survival of testicular fragments in vitro . They made changes in culture parameters such as temperature, incubation atmosphere, pH, or the various nutriments of a chemically defined medium that replaced the blood plasma that had been used before (Champy, 1920; Strangeways and Fell, 1926; Martinovitch, 1937; Michailow, 1937; Gaillard and Varossieau, 1938; Dux, 1939; Trowell, 1959; Lostroh, 1960) . The necessity of developing a long-term culture system was underlined in the work by Clermont and his group on the timing of spermatogenesis (Clermont et al, 1959) . Their methodology was also inspired from the organ culture techniques of Trowell (1959) , following the work of Fell and Robison (1929) , who developed the first organ culture system. Trowell (1959) cultured small organ fragments on stainless steel grids covered with a paper towel soaked in culture medium and sometimes agar. He obtained good results with the culture of deferent ducts or various glands (pituitary, pineal, parathyroid glands, and prostate) that kept a remarkable histologic aspect for 9 days. However, his results were not as good with small testicular fragments or seminiferous tubules from 4-week-old rats. After 3 days, most tubules had degenerated. In surviving tubules, the cells appeared normal with a usual rate of mitotic and meiotic figures. By changing the gas phase (ie, by culturing with 5% CO 2 in air rather than in oxygen), Trowell (1959) got more tubules to survive 3 days. He found that contrary to other cultured organs, the testis was very sensitive to oxidative stress. Trowell had mentioned ''oxygen poisoning'' as early as 1959. Not a single living cell was found after 6 days of culture in 5% CO 2 in oxygen or in air.
The first improvement to this technique, culture technique, was attempted by the Steinberger team. They reported that 37ЊC, which had been generally used for mammal tissue culture, was not suitable for testis tissue (Steinberger and Nelson, 1955; Steinberger and Dixon, 1959) because it reproduced the pathological conditions of cryptorchidism. The regular intratestis temperature in vivo varies from 32ЊC to 35ЊC, depending on outside temperature and scrotal epithelial humidity. The second major improvement was the use of pyruvate as an energy substrate for the germ cells because only simple sugars such as glucose or mannose, or dioses such as galactose, fructose, or saccharose had been used until then (Wolff and Haffen, 1965) . It is known today that during a short time in meiotic prophase, germ cells are unable to metabolize glucose. Hence, these germ cells need another energy substrate (Jutte et al, 1981 (Jutte et al, , 1982 . The deadly effect of oxygen on germ cells mentioned by Trowell (1959) was confirmed by . In an atmosphere with 5% CO 2 in oxygen instead of air, they noticed that necrosis patches appeared less frequently in seminiferous tubules. However, the number of mitotic figures of type A spermatogonia decreased and primary spermatocytes degenerated earlier, which is the expression of oxidative stress.
Successful experimental conditions used by the Steinberger team include small testicular fragments cultured in a chemically defined medium supplemented with sodium pyruvate, 10% fetal calf serum, and various amino acids (see Tables 1 and 2 ) on stainless steel grids covered with an agar film. The depth of the medium was just high enough to wet the lower surface of the agar. The testicular fragments were incubated at 31ЊC in a water-saturated atmosphere of 5% CO 2 in air. Testicular fragments from prepuberal rats (14 days postpartum [dpp]) cultured in these conditions kept testicular structures in culture for 6 months . After this time, the Sertoli cells were still in good shape, and these authors still observed germ cell mitosis. A spermatogonia were present for several weeks but were difficult to identify after 3 weeks. The primary spermatocytes survived about 4 weeks. No spermatid formation was observed. It was shown that the spermatogonia that survived in culture retained competency and were still able to differentiate in vivo when transplanted into host rats .
These scientists would soon obtain their first significant results in germ cell differentiation . They studied in vitro the effect of gonadotrope hormones (follicle-stimulating hormone [FSH] and hu-man chorionic gonadotropin [hCG] ) and vitamins (A, C, and E) on spermatogenesis using testicular cultures from prepuberal Long-Evans rats (4 dpp). At that age, only 2 different cell types are present in the seminiferous tubules: Sertoli cells and A spermatogonia. Steinberger used techniques that allowed maintenance of the morphologic structure of the testis for a long time and that kept primitive germ cells alive. Despite the changes on the supporting cells (maturation), neither FSH nor hCG could initiate the in vitro differentiation of germ cells from gonocytes. However, germ cell differentiation occurred until the pachytene primary spermatocyte stage in 2 weeks when vitamins A, C, and E were added to the culture medium. The positive effect of these vitamins and of glutamine on the differentiation of germ cells in culture was confirmed 2 years later (Steinberger and Steinberger, 1966) . The authors showed that gonadotropins were not essential to the initiation of spermatogenesis. After 3 weeks of culture, testicular tissue was degenerative. After 4 weeks, most primary spermatocytes had disappeared, and no postmeiotic cells were observed. After 6 weeks, a new wave of B spermatogonia appeared in some tubules.
These results were confirmed in cultures from rats at 12 dpp or from adult rats using tritiated thymidine as a marker to follow the differentiation of germ cells in vitro (Steinberger and Steinberger, 1965) . In these experiments, the researchers used the same medium without gonadotropins or vitamins, but the glutamine concentration was doubled. They used the tritiated thymidine method to detect cell DNA synthesis and autoradiography to detect cells that had incorporated the radioactivity as used previously by Oakberg (1956) on the mouse and Clermont (1959) on the rat in order to measure the duration of the epithelial cycle. Animals were injected with a tritiated thymidine solution, which is incorporated during DNA synthesis by the cells preparing for division. The spermatogonia and preleptotene primary spermatocytes are the only germ cells duplicating their DNA for mitosis or before entering meiosis. The differentiation of the cells that have incorporated the tritiated thymidine can be followed by autoradiography (Oakberg, 1956; Clermont et al, 1959) ; in vivo, by regularly killing the animals after the injection, or in vitro by gradually terminating some of the cultured testicular fragments at different times.
In order to show that a differentiation occurs in vitro and that a new cell type appears in culture without labeling with tritiated thymidine, examples of the differentiated cells must not be present at the start of the culture. That is why researchers had to work on very young animals (ie, very immature testes in which germ cells and somatic cells were immature). By using tritiated thymidine, these authors could work on older animals or even adults in which spermatogenesis is complete. They could distinguish between precocious cells that incorporate radioactive thymidine at the beginning of meiotic prophase and differentiate until the pachytene primary spermatocyte stage in culture (stained cells) and primary spermatocytes that were present at the start and simply survived without differentiating (unstained cells). Following the progress of labeled cells also provided information on the timing of differentiation of germ cells in vitro (Steinberger and Steinberger, 1965) . In culture of tissues taken from animals 3 hours after injection of the isotope, the authors observed that the most advanced labeled germ cells were spermatogonia and primary preleptotene spermatocytes. After 3 to 7 days of culture, the labeled cells were leptotene and zygotene primary spermatocytes and after 2 to 3 weeks, pachytene primary spermatocytes. No labeled round spermatid was found even after 6 weeks. To make sure that the obstacle was not simply the length of the culture period, they injected adult animals with tritiated thymidine, but this time they waited for 12 days before culture. When the animals were killed and the cultures began, the most advanced labeled cells were pachytene primary spermatocytes. According to the timing of differentiation of male germ cells in vivo (Clermont et al, 1959) , the differentiation of pachytene primary spermatocytes into round spermatids must take less than 2 weeks. However, no postmeiotic cells were identified after 2 weeks of culture.
In short, the differentiation in vitro of some testicular cells was possible (from the preleptotene primary spermatocyte stage to the pachytene stage), but it was limited. Similar results were obtained in humans (Steinberger, 1967) ; survival of primitive A spermatogonia and Sertoli cells for several weeks, differentiation of primary spermatocytes from the preleptotene stage to the pachytene stage (proven by tritiated thymidine), degeneration of primary spermatocytes after 4 weeks, and degeneration of round spermatids in the first days of culture.
The work of Anna and Emil Steinberger and their team resulted in spectacular progress in testicular culture and it is still of great significance today for biology researchers who want to reproduce spermatogenesis in vitro. Their system was not perfect, but it could keep a testis working for a long period. It was necessary to better understand the needs of the germ cells in culture, and they made important advances in this field. An important part of the meiotic differentiation of germ cells was performed in culture, which brought precise data on its timing, and which corresponds to the kinetics of the differentiation of germ cells in their natural environment (Steinberger and Steinberger, 1965) . Their results, first obtained with rats, were confirmed with human testicular biopsies (Steinberger, 1967) . 
Latest Refinements
Tissue/Organ Culture-In 1974, directly inspired by the culture techniques of the Steinberger group a few years before, Lima-de-Faria's team published interesting results in humans (Ghatnekar et al, 1974) . They cultured small testicular cubes using testicular biopsies from 16 men aged 27 to 73 years. The small organ bits were first placed in a culture medium containing tritiated thymidine in order to label cells in the S phase of the cell cycle and to follow the germ cell differentiation at the beginning of meiotic prophase. The fragments were then cultured at 36ЊC for 14 to 25 days. The culture plates were slanted and rotated so that the organ was only intermittently soaked in the medium. The medium was supplemented in fructose, fetal calf serum, deproteinized coconut milk, FSH, LH, and testosterone (see Tables 1 and 2 for details). The FSH and LH concentrations vary according to the experiments. In these conditions and after 14 days of culture, germ cells that had incorporated tritiated thymidine before culture were identified at telophase II stage. These cells would have almost entirely passed meiosis in vitro! The authors suggested that success was due to 2 main characteristics of the culture. There was a positive effect of deproteinized coconut milk; its positive effect on the differentiation in vitro of germ cells of some plants has been known since 1955 (Sparrow et al, 1955) . More recently, several cytokines involved in the growth of plants have been identified and isolated (Van Overbeek et al, 1941; Dua and Chandra, 1993) . Coconut water is also used in the preparation of numerous spermatozoa diluents for its antioxidative quality, which is important in the conservation of semen (Chairussyuhur et al, 1993; Nuñes, 1998) . The circulation of culture was also an important characteristic because it prevents dessication and reduces the necrosis resulting from anoxia, a major drawback of soaked organ culture systems (Trowell, 1959) . However, some details make those results suspect. Indeed, the results were presented for only 5 out of the 16 men of the study, and there was only 1 case of the labeled germ cells reaching the telophase II stage. The differentiation from preleptotene to telophase II step of development would have occurred in 14 days. This does not correspond to the timing established by Clermont (1963) , even though the authors indicate that it does. Finally, they acknowledged the existence of an important DNA synthesis for humans, contrary to rodents, during meiotic prophase (Lima-de-Faria et al, 1966 , 1968 . Hence, we must wonder how far germ cells have gone in vitro in this culture system. For instance, DNA repair at the young pachytene stage would explain the existence of labeled cells at telophase II stage after only 2 weeks of culture.
Interesting results were reported by Aizawa and Nishimune (1979) . Using the medium and the culture system Later, Aizawa and Nishimune also used the same culture system to show the synergistic effect of FSH and retinoids (retinol, retinal, retinol acetate, and retinoic acid) on the proliferation and differentiation of type A spermatogonia (Haneji et al, 1984) . Again, despite the positive effect of these compounds on germ cell differentiation, no germ cells achieved meiosis in vitro and postmeiotic cells were never produced.
More recently, Boitani and her team (1993) have confirmed the previous results and shown how useful organ culture systems could be for the study of the initiation of spermatogenesis and spermatogonial divisions. The experiments were performed according to the Steinberger team technique ) with 9-dayold Wistar rats. In 3 weeks, with 200 ng/mL ovine FSH added to the culture media, the A spermatogonia differentiated into pachytene primary spermatocytes.
The organ culture system has proved to be an excellent model for the study of the mechanisms that regulate spermatogonial divisions and the germ cells entering meiotic prophase Aizawa and Nishimune, 1979; Boitani et al, 1993) . Its major advantage is that it respects the architecture of seminiferous tubules and the interactions between somatic and germ cells that are so important for advancement to subsequent steps of spermatogenesis. However, the relatively short life expectancy of differentiated germ cells in such a system makes it inappropriate for the completion of the entire meiotic part of spermatogenesis in culture.
Cultures on Impermeable Supports
Cocultures of Sertoli and Germ Cells-For the first time, in 1982 researchers in Holland presented a culture system that allowed mouse male germ cells to survive 12 days and to go through the 2 meiotic divisions in vitro (Dietrich et al, 1982 (Dietrich et al, , 1983 . In order to avoid using radioactivity to follow the differentiation of germ cells, the animals were treated with hydroxyurea. This treatment destroyed the DNA-synthesizing cells (S-phase cells; ie, spermatogonia and preleptotene primary spermatocytes) and resulted in a blank in the spermatogenic line. After the treatment, spermatogenesis normally resumed with the surviving stem cells. So, 8 days after the treatment, the ''blank'' had moved and the authors noted the absence of germ cells from type B spermatogonia to the preleptone primary spermatocyte stage. This allowed them to identify the different meiotic steps by following the ''repopulating front'' of the seminiferous tubules.
Dietrich et al cultured suspensions of testicular cells (Sertoli and germ cells) from the mice treated with hydroxyurea and without pachytene to diplotene primary spermatocytes (Dietrich et al, 1982 (Dietrich et al, , 1983 . After 7 to 10 days of culture in a completely synthetic medium (see Tables 1 and 2 ), the apparition of pachytene followed by diplotene primary spermatocytes and finally round spermatids proved germ cell differentiation and meiotic division in vitro. The germ cell differentiation in vitro had occurred with the same timing as differentiation in vivo. This was the first time that satisfying results had been obtained with a system in which the seeded cells were completely dissociated. Two particular features should be considered. The culture medium was slightly hypertonic, and the Na ϩ :K ϩ ratio was different from that of plasma. This is very likely to act positively upon the survival of the cells normally located within the blood-testis barrier in vivo, their differentiation, or both (ie, primary and secondary spermatocytes and spermatids; Setchell, 1970 Setchell, , 1978 . Further, the incubation temperature was 20ЊC, which is unusual for mammalian germ cell culture, but it did not seem to have a negative effect.
At the beginning of the 1980s, several teams contributed to making drastic changes in testicular cell culture. Tres and Kierszenbaum (1983) indicated that germ cells could differentiate only in close contact with Sertoli cells. Indeed, they knew that Sertoli cells secreted various nutrients that could be useful for germ cell development. Sertoli cells also provide the necessary microenvironment for germ cell differentiation by maintaining the bloodtestis barrier in vivo. Without them, pachytene primary spermatocytes survived no more than 24 hours in a chemically defined medium supplemented with lactate and pyruvate (Jutte et al, 1985) . Kierszenbaum and Tres (1981) designed a Sertoli/germ cell coculture method respecting the interactions between these cells. The cultures were made with 20-to 35-dayold prepuberal rats (Tres and Kierszenbaum, 1983) . They used Eagle minimal essential medium (EMEM) culture medium (see Tables 1 and 2 for composition). During the 15-day experiment, they alternated a high FSH concentration for 6 hours with a low concentration for 18 hours in the culture medium. The S-phase cells were allowed to incorporate tritiated thymidine for 24 hours after 2 to 4 days of culture. In these conditions, the most differentiated germ cells that had incorporated the tritiated thymidine were at the preleptotene primary spermatocyte stage 1 hour after the addition of the radioactive element. These cells were identified by silver grains on their surface after autoradiography. Radioactivity was found in leptotene followed by zygotene, and then pachytene primary spermatocytes, respectively, 1, 2, and 3 to 4 days after adding the tritiated thymidine. After 11 days, late pachytene primary spermatocytes contained the radioactive thymidine, which proved the differentiation of these cells from the preleptotene stage in culture.
The first meiotic division figures were observed 6 days after the beginning of a culture from 35-day-old rats (Tres and Kierszenbaum, 1983) and suggested that primary spermatocytes that had already entered meiotic prophase could pass the reductional meiotic division in vitro. In conclusion, these authors have discovered two crucial characteristics of successful culture. These are that germ cells need Sertoli cells, and that it is necessary to keep the cell associations existing in vivo between the different somatic and germ cells. Nagao (1989) had a radically different but interesting approach to culturing dissociated germ cells without somatic cells. This contradicted the results of Tres and Kierszenbaum (1983) that coculture was needed. Nagao used 14-day-old prepuberal rats and separated the various types of cells according to the Romrell technique (Romrell et al, 1976) . Briefly, this consisted of 2 enzymatic digestions (collagenase and trypsin) followed by several rinsings, centrifugations, and filtrations. Before the culture, the wells were coated with collagen. The dissociated cells were then seeded in a culture medium containing adrenaline and noradrenaline (see Tables 1 and 2 ). According to the authors, these surrenalian factors allowed the germ cells to survive 2 weeks and to differentiate. The flow cytometric analysis indicated an increase in the number of tetraploid cells in the first week. Indeed, after 7 days of culture, 90% of the cells were primary spermatocytes in meiotic prophase. After 10 days, the first spermatids were identified, and the apparition of these cells corresponded to the presence of the first round spermatids in vivo in 24-day-old rats. In short, the germ cells already engaged in meiotic prophase taken from 14-day-old prepuberal rats were able to complete meiosis in vitro according to the same timing as occurs in vivo. Nagao used a complex technique of germ cell isolation followed by a culture system that was very simple but probably inappropriate for germ cells that had been weakened by multiple purification steps. The fact that he started with a large population of primary spermatocytes, whose expected survival would be improved by adding surrenalian hormones, seems to have overcome these drawbacks of no coculture with Sertoli cells. Unfortunately, this work has not been continued, and the protective role of adrenaline and noradrenaline has never been confirmed.
The Jégou team confirmed that dissociated germ cells could complete the end of the meiotic step of spermato-genesis in vitro (Le Magueresse-Battistoni et al, 1991). They used the work of Mather and Phillips (1984) on primary culture of testicular somatic cells. Elutriated pachytene primary spermatocytes from testes of adult rats were seeded on a layer of Sertoli cells from 20-day-old rats. During the 7-day experiment, the cells were cultured at 32ЊC in F12-Dulbecco modified essential medium (DMEM) supplemented with insulin, transferrin, retinoic acid, transforming growth factor-␣, FSH, and testosterone (see Tables 1 and 2 ). In these conditions, pachytene spermatocytes were able to complete meiosis in vitro. Indeed, a population of haploid cells was identified by flow cytometry after 4 days of culture. The expression of the gene coding for protamine 1, specific for postmeiotic germ cells, and Northern blot analysis after 1 week confirmed the completion of meiosis in vitro. Hormones and other elements added to the culture medium did not seem to improve the rate of cells passing through meiosis. They would, however, have had a positive effect on germ cell viability in long-term cultures.
The Tesarik and Mendoza team published surprising results (Tesarik et al, 1998) . They cultured testicular biopsy samples from men with azoospermia and an obstruction of the genital tract. These biopsies were treated with a lengthy collagenase and elastase enzymatic digestion to produce dissociated cells. The cells were cultured at 30ЊC for 24 to 48 hours in a medium supplemented or not supplemented with recombinant FSH. In these conditions, the authors declared that cells at the end of meiotic prophase completed meiosis in vitro. Indeed, they observed pairs of secondary spermatocytes and round spermatids, which could indicate that cell division might have occurred. However, they failed to distinguish in vitro differentiated cells from spermatids that simply survived 24 hours in culture. The latter were so numerous that they represented more than 40% of the total cells at the beginning of the experiment. The researchers also reported that in 24 hours some spermatids went through almost the entire spermiogenesis in vitro, whereas this step takes 20 to 22 days in vivo (Heller and Clermont, 1964) . This interpreted result of differentiated cells in culture was different from that published so far on the timing of germ cell differentiation and surprised the authors. They explained that, in their culture, there were none of the in vivo obstacles, which could lead to hasty development in spermiogenesis. It also should be noted that the majority of the spermatids seen were abnormal.
There was much controversy around these results from all researchers working on the testis. However, the rapid development of spermatids in vitro was supported recently (Cremades et al, 1999) . Using testicular biopsies from men with azoospermia, spermatozoa were reported to be produced in 5 days of culture, from round spermatids cultured on immortalized cells. This process should have taken 20 to 22 days as it does in vivo (Heller and Clermont, 1964) .
We have just seen that culture systems of dissociated cells seeded on an impermeable support allow male germ cells that have already entered prophase to complete meiosis in vitro. However, the cultures last no more than 2 weeks, which is not long enough in the majority of mammals for the reproduction in vitro of the entire meiotic step of spermatogenesis. Indeed, when germ cells have no contact with neighboring cells, they quickly lose their morphological characteristics, which explains the short duration of cultures. Yet, such systems have other advantages. First, the methods used to prepare the cells are simple and easy to repeat. Second, the systems allow the use of somatic and germ cells of different ages for the same coculture. They also make it possible to start from homogenous populations of germ cells (at the same stage) and to study their progress in culture. Finally, it is easy to compare what is seeded and what is obtained at the end of the experiment. As far as spermatogenesis is concerned, rates of mitotic and meiotic division can be determined.
Systems Using Immortalized Cells-In 1993, the Cuzin team reported that male germ cells could go through meiotic divisions in vitro in a culture system that included immortalized Sertoli cells (Rassoulzadegan et al, 1993) . The Sertoli cells came from transgenic mice, and they expressed a viral oncoprotein with immortalizing but not transforming properties. They had the same morphological characteristics as Sertoli cells and also expressed the WT1 and Steel genes. Testicular cells from mice aged 9 dpp were isolated by mechanical dissociation and cultured at 32ЊC on the immortalized Sertoli cells. After 8 days, tetrads of round spermatids were detected by Feulgen coloration and flow cytometry analysis. These postmeiotic cells expressed the gene of protamine-1. The other results published must be questioned because the flow cytometric analysis was performed on cultures from testicular cells from adult animals containing a lot of spermatids. According to the study, the spermatid population would increase 43-fold in 5 days. Finally, one must wonder about the existence of elongated spermatids containing tritiated thymidine if its incorporation was made 7 days earlier.
Contrary to what the authors suggested, these results do not correspond to the timing of differentiation of germ cells established for mice by Oakberg (1956) .
One year later, a promising study was published by the Millán team (Hofmann et al, 1994) . Preleptotene primary spermatocytes from 6-week-old mice were immortalized by cotransfection of the gene coding for a viral oncoprotein and a variation of the p53 gene that is sensitive to temperature. At 32ЊC, the transformed germ cells turn from the proliferation phase to a differentiation phase, when the p53 gene is expressed. The transfected cells were first cultured at 37ЊC. After 10 passages, the flow cytometry analysis indicated the presence of diploid and tetraploid cells. After 17 passages (ie, 85 days after the beginning of culture), a population of haploid cells was noted. This population represented 28% of cells after 30 passages. Finally, the percentage of cells with an acrosomic granule increased from 3% at 37ЊC to 10% after 4 passages at 32ЊC.
These results were refuted 2 years later by the same team (Wolkowich et al, 1996) , when subsequent study on the same culture line gave different results. These cells expressed neither the genes coding for the lactate dehydrogenase (LDH-C4) and acrosin, premeiotic markers, nor the genes coding for protamin-2 and the SP-10 protein (spermatid-stage acrosomal protein) postmeiotic markers. The flow cytometry results were not confirmed and no haploid population was detected. It was concluded that those immortalized germ cells could not differentiate into round spermatids.
Cultures of Seminiferous Tubules-In 1970, Ellingson and Yao (1970) cultured seminiferous tubule fragments from Chinese hamsters aged 1 to 3.5 months. During the cultures, the tubules were covered with a cellophane dialysis membrane in order to simulate the role of the basal membrane. It separated the tubules from all the elements of the incubation medium except those smaller than 4 nm (see Tables 1 and 2 ). In these conditions, the spermatogonia survived 2 to 3 weeks. Considerable mitosis activity was observed in this time span. Although their life expectancy is shorter, a few primary spermatocytes went through meiotic divisions in the first 72 hours. This time span was much too short for germ cells to go through the entire meiosis in vitro.
As a remedy, some teams tried to devise systems allowing differentiated germ cells to survive longer in vitro. That is how Eddy and Kahri (1976) developed the first seminiferous tubule culture system. After a single mechanical dissociation, 1-to 2-mm fragments of seminiferous tubules were cultured at 32ЊC or 37ЊC in a watersaturated atmosphere of air with 5% CO 2 . The cultures were generally made with seminiferous tubules from 10-to 14-day-old rats but also with animals aged more than 35 days. These experiments lasted up to 4 weeks, and the organization and quality of the cultured cells were followed by light and electron microscopy. These techniques made it easy to reference the beginning of the culture. The 2 types of somatic cells (Sertoli and peritubular cells) and the 2 types of germ cells (spermatogonia and primary spermatocytes) could be followed during their evolution in vitro. In these conditions, the authors observed that the organization of the seminiferous tubules in 3 dimensions soon changed to 2 dimensions. The somatic cells colonized the surfaces touching the seeded fragments, taking the germ cells to their surface at the same time. The joint migration of Sertoli and germ cells was explained by the presence of desmosome junctions between these 2 cell types. A mass of germ cells were observed at the surface of Sertoli cells but no peritubular cells. That type of reorganization is a characteristic feature of the cultures of small fragments of seminiferous tubules that allow the migration of somatic and germ cells. Specific adhering junctions were identified between Sertoli cells after their reorganization, but the authors did not mention that the blood-testis barrier was present in these areas. This is evidence that spermatogonia and primary spermatocytes that normally live in different environments are able to survive in the same surroundings. The cytoplasmic bridges between germ cells were also maintained in culture. Their published photographs are indeed remarkable considering they were produced only from short-term cultures (2 to 6 days). Apparently, Eddy and Kahri did not study germ cell differentiation, but nonetheless, they devised a system allowing primary spermatocytes to survive for 4 weeks. This paved the way for the study of the differentiation of these cells in culture.
In 1979, the Stefanini team confirmed the previous results with a quite different culture system of seminiferous tubules (Palombi et al, 1979) . They took their inspiration from successes of the Dorrington group for cell preparation (Dorrington and Armstrong, 1975) and from the Steinberger group (Steinberger and Steinberger, 1966) for the incubation medium. Testes from 20-day-old rats were decapsulated and the tubules were incubated at 32ЊC in a water-saturated atmosphere of 5% CO 2 in air. The medium was changed once after 24 hours of culture, then every 6 days. FSH or dibutyryl cAMP was added at the first change of medium (see Tables 1 and 2 ). In these conditions, Sertoli cells migrated to form a single layer and the germ cells looked morphologically normal and maintained their contacts with the somatic cells (desmosometype junctions) for 3 weeks. It is difficult to explain the exact role of these rather unusual junctions. However, they allowed the survival of a large population of primary spermatocytes, reputedly fragile in culture, possibly by helping to maintain cytoplasmic bridges and adhering junctions between the germ cells.
In 1983, Parvinen and his colleagues, by using a culture system of seminiferous tubules, showed that it was possible to reproduce the end of meiosis as well as the beginning of spermiogenesis in vitro. The originality of their method lay in the sorting of the seminiferous tubules before seeding. This technique of transillumination-assisted microdissection of seminiferous tubules produced a reputation for the Finnish school (Parvinen, 1982; Parvinen and Ruokonen, 1982) . It consists, simply, of placing the seminiferous tubules on a white light and observing them by transparence. Every stage of the seminiferous epithelium cycle can be recognized according to the type, number, and location of the germ cells it contains. This technique made it possible to isolate tubule fragments at clearly defined stages and to culture them. This was interesting because it wiped out a major drawback of the culture of seminiferous tubules. No longer was it necessary to use testicular tissues or organs from prepuberal animals to eliminate germ cell populations that included all the developmental steps of the spermatogenic cycle.
Seminiferous tubule fragments in stages XII to XIII from adult rats were sorted using this method to eliminate the presence of round spermatids in the selected tubule population. The tubule fragments were then placed in an incubator to be cultured at 32ЊC in a water-saturated atmosphere containing 5% CO 2 in air, for 1 to 6 days (see Tables 1 and 2 ). The tubule fragments were observed by transillumination, then by light and electron microscopy. After 2 days of culture, most of the seeded primary spermatocytes (stages XII to XIII) had gone through the 2 meiotic divisions in vitro (Parvinen et al, 1983) . After 6 days of incubation, the epithelium of the cultured tubule fragments developed the morphological and biochemical features of a stage V tubule. Indeed, the newly formed round spermatids had an acrosomic system typical of postmeiotic germ cells in stage V of spermiogenesis. There was an increase in the quantity of secreted CP2 and CP3 proteins (cyclic proteins 2 and 3) revealed by bidimensional electrophoresis. These proteins are present in larger number in stage IV through VII seminiferous tubules in vivo. It should be noted that the in vitro differentiation of the germinal epithelium occurred without FSH or testosterone. These results were confirmed 2 years later with the use of tritiated thymidine. Toppari and Parvinen (1985) undoubtedly showed that male germ cells are able to go through their meiotic divisions in vitro in a relatively simple culture system and without the help of hormones or growth factors. For the first time, meiosis rate could be estimated. Another advantage of the technique was the possibility of following the differentiation of germ cells of any stage, without having to use radioactivity. With the addition of a quicker quantification method such as flow cytometry, they now had an ideal tool with which to study spermatogenesis (Toppari et al, 1986) .
More recently, the Dutch team of Toebosch, together with Grootegoed, suggested a new interesting approach (Toebosch et al, 1989) . For the first time, open seminiferous tubules were used in 72-hour experiments that were more like cell survival than culture. Seminiferous tubules from 26-day-old prepuberal Wistar rats were isolated by enzymatic digestion. The tubule fragments were then seeded at 32ЊC in a water-saturated atmosphere of air with 5% CO 2 and terminated at 24, 48, and 72 hours of culture (see Tables 1 and 2 ). Those cell samples were then dissociated and analyzed by flow cytometry. In these conditions and despite the presence of postmeiotic cells at the beginning of culture, the percentage of spermatids increased significantly from 2.8% to 6.2% in 3 days. Primary spermatocytes at the end of meiotic prophase had undergone the 2 meiotic divisions in vitro. The increase was not linked to the addition of FSH, insulin, retinol, or testosterone. These elements seemed, however, to improve the survival of the primary spermatocytes when added to the medium. According to the authors, the decrease in the number of primary spermatocytes in 3 days of experiment was due to their completion of meiosis.
In conclusion, seminiferous tubule culture offers the same advantages as tissue or organ culture but without the drawbacks. The culture of seminiferous tubules, isolated by microdissection or careful enzymatic digestion, allows the culture of germ cells without depriving them of their somatic environment. The architecture of the seminiferous tissue is maintained. The preservation in vitro of the communications existing in vivo between the different cell categories is necessary to reproduce spermatogenesis in an experimental system. These cell interactions seem to improve the survival of germ cells in culture. In such a system, it is possible for germ cells from immature or prepuberal animals to survive 1 month in vitro (Eddy and Kahri, 1976; Palombi et al, 1979) , but nothing has been said about their ability to differentiate in this lapse of time. The fact that the tubules are seeded open may still improve the life expectancy of the cultured cells, simply by making the exchange of metabolites between the culture medium and a maximum of cells easier (Toebosch et al, 1989) . The better circulation of the medium is indeed a good way to avoid necrosis due to tissue anoxia. There are two more advantages to the Parvinen and Toppari model. Transillumination-assisted microdissection allows to start from a homogenous population of seminiferous tubule fragments, which is extremely useful in the study of a synchronized process, such as spermatogenesis. It also allows evaluation of the meiosis rate of germ cells. The differentiation of germ cells can be followed in vitro without using radioactivity because the tubule fragments are sorted, but it is necessary to work with adult animals because the criteria for identification require that all the stages of spermatogenesis be represented until spermiation. Unfortunately, the experiments conducted by this team were much too short to reproduce the entire meiotic step of spermatogenesis in vitro.
Cultures on Permeable Supports
Cocultures of Sertoli and Germ Cells-In the 1970s, researchers began to understand the role of the blood-testis barrier. This series of tight junctions between the Sertoli cells is the structural basis of the compartmentalization of the seminiferous epithelium. The meiotic and postmeiotic steps of spermatogenesis occur in the adluminal com-partment (Dym and Fawcett, 1970) in a privileged environment (Setchell, 1970 (Setchell, , 1978 . As culture systems had been unable to reproduce that compartmentalization thus far, researchers wondered about the possibility of reproducing male gametogenesis in vitro. Indeed, it had been proven that the organization of the ''tight-gap'' complexes, which are necessary for maintaining the blood-testis barrier, was changed in culture. In fact, the importance of the morphological changes in the junctions between Sertoli cells increases with the time of culture (Bigliardi and Vegni Talluri, 1976) .
That is why the Kierszenbaum team attempted to devise a culture system in which the polarity of the testicular cells would be kept in vitro (Ueda et al, 1988) . Without changing the way they prepared testicular cells, they tried two different permeable supports. These included a nylon support covered with extracts from extracellular matrix (matrigel) with 100-m pores or a filter with 0.45-m pores, placed in a perfusion system. The Sertoli cells, still associated with spermatogonia and primary spermatocytes and prepared from 20 to 22-day-old rats, were seeded on these supports, with or without precultures of peritubular cells (see Tables 1 and 2 ). The best results were obtained on the 0.45-m filter (ie, without extracellular matrix). On this kind of support, the Sertoli cells organized into a polarized, cubic epithelium. At the basal level, numerous Sertoli cell projections covered the microporous support. The germ cells were observed at the apical level. Besides, vectorial secretions of Sertoli cell proteins were spotted in vitro. The S70 protein and the S45-S35 heterodimer were temporary and cyclically secreted during spermatogenesis and would play a part during spermiogenesis. Through this method, by culturing for 12 hours peritubular cells that organize into a double layer on that same support before seeding the Sertoli and germ cells, it is possible to reproduce in vitro the organization of the different testicular cell categories as it exists in vivo in the seminiferous tubules.
Another improvement took place a few years later (Tres et al, 1992) . The aim was to combine the physical and chemical advantages of both supports previously used. Indeed, the microporous filter is good for the cells but its opacity makes it difficult to follow and observe the cultures. In contrast, matrigel is transparent, but it has a negative effect on the viability of the spermatogenic cells in coculture with Sertoli cells. That is why Tres et al made a third permeable support from the polymers making up the extracellular matrix (ie, collagen and glycosaminoglycans). On this transparent support, the typical cell organization of the testis was preserved. According to the authors, spermatogonia proliferated and entered meiotic prophase, primary spermatocytes differentiated and reached the stage of meiotic divisions, and round spermatids became elongated spermatids with a correctly organized acrosome and a motile flagella in vitro. Because that team's aim was to devise a culture system of polarized testicular cells, they gave little evidence regarding germ cell differentiation in vitro. No primary spermatocytes were seen to go through the 2 meiotic divisions in vitro (Tres et al, 1991) .
More recently, the Durand team confirmed the positive role of systems that use the polarity of Sertoli cells in culture on germ cell development (Weiss et al, 1997) . Pachytene primary spermatocytes and round spermatids, obtained from adult rats by centrifugal elutriation, were seeded on Sertoli primary cultures of Sertoli cells isolated from 20-day-old rats. The experiments were performed in bicameral chambers. During the culture, only the medium in the basal compartment was changed every other day, which allowed the Sertoli cells, little by little, to become conditioned to the medium of the apical compartment. Sertoli cells and germ cells were cocultured for 2 weeks in a chemically defined, serum-free medium (see Tables  1 and 2 ) in a water-saturated atmosphere of 5% CO 2 in air. In these conditions, when pachytene primary spermatocytes and Sertoli cells were cocultured, a population of haploid cells (round spermatids) was noted 48 hours after the beginning of the experiment. Using 5-bromo-2Ј-deoxyuridine (BrdU) as a thymidine analogue that is incorporated during the S-phase of cells preparing for cell division (spermatogonia and preleptotene primary spermatocytes), the authors were able to follow the differentiation of germ cells in vitro. They showed that BrdUlabeled pachytene primary spermatocytes of stages V through VIII are able to differentiate into round spermatids (Weiss et al, 1997) . The results were confirmed by reverse transcription-polymerase chain reaction and a clever system that allowed the comparison of the expression of genes expressed during meiosis (phosphoprotein 19 [p19] and testis-specific histone 2B [TH 2 B]), and after meiosis (transition proteins 1 and 2 [TP1 and TP2]).
Cultures of Seminiferous Tubules-When comparing the results of all the teams presented in this review (Table  3) , it is clear that many advancements have been made, but none of the systems described are adequate for the reproduction in vitro of the entire meiotic step of spermatogenesis. It seems that the main obstacle is the survival of germ cells in culture. However, the culture of fragments from seminiferous tubules on a permeable support combines the advantages of other models. As in organ culture, culture of seminiferous tubules seed germ cells without depriving them of the Sertolian environment that is necessary to their survival and differentiation. Hence, germ cells keep their morphological characteristics, as well as their contacts with somatic cells and other germ cells. Seeding open fragments of seminiferous tubules allows the cells to be well irrigated, even at the center of the fragments, and avoids the apparition of large (Toebosch et al, 1989) . It also allows somatic and germ cells to migrate out of the tubules to settle in an organized fashion in the free zones of the culture support, as Eddy and Kahri (1976) described it. As seen in the works of the Kierszenbaum team (Ueda et al, 1988) , a permeable culture support, if appropriate, allows the partial reproduction of the compartmentalization existing in the seminiferous tubule. The cells organize themselves into a pseudopolarized system similar to that of the seminiferous epithelium in vivo. This last system, which best reproduces compartmentalization of the seminiferous tubule without dissociating the cocultured somatic and germ cells, has been successfully used recently by the Durand team in which a part (Hue et al, 1998) , then the entire (Staub et al, 2000) meiotic stage of spermatogenesis was reproduced in vitro. In those experiments, small fragments of seminiferous tubules, obtained by enzymatic digestion of testes from 20-to 25-day-old rats, were seeded in bicameral chambers in a chemically defined, serum-free medium. In the first 2 days, 0.2% of fetal calf serum was added to the supplemented medium (see Tables 1 and 2 ) in order to help the tubules stick to the permeable support. The cultures lasted for 4 weeks at 32ЊC in a water-saturated atmosphere of 5% CO 2 in air. Again, only the medium of the basal compartment was changed every other day. The medium in the apical compartment was gradually conditioned by the different cell populations as shown by an increase of the transferrin concentration using radioimmunoassay. In these conditions, starting from a system without postmeiotic cells, the authors observed the apparition of a population of haploid cells (round spermatids) after 1 week of culture. This population remained throughout the entire experiment of 4 weeks. Moreover, round spermatids were identified by electron microscopy after 3 weeks of culture. The study of gene expression, p19/TP1 and TH 2 B/TP2 (Hue et al, 1998) or TP1 and TP2 (Staub et al, 2000) , confirmed the previous results and showed that round spermatids produced in vitro were able to express genes in culture. The use of BrdU showed that leptotene primary spermatocytes were able to differentiate into round spermatids after 3 weeks of culture (Staub et al, 2000) . Contrary to what Tesarik et al (2000) have recently published, the timing of differentiation of male germ cells in vitro in the 2 systems mentioned above seemed to correspond to that of male germ cells in vivo. Finally, BrdUlabeled haploid germ cells were isolated by flow cytometry coupled with immunocytochemistry detection. The authors demonstrated here, for the first time, that the entire meiotic part of spermatogenesis could be achieved in vitro with mammalian male germ cells.
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Conclusion
Due to the collective efforts and success of the different laboratories, the entire meiotic part of spermatogenesis has been achieved in vitro. These works have already allowed and will further help to better understand meiosis. Indeed, the possibility of inhibiting the expression of genes (by using antisense mRNAs) or the action of proteins (by using antibodies against a protein or its receptor) during long-term culture reproducing male gametogenesis in vitro should help to better understand the regulation of the meiotic step of spermatogenesis. In addition, the ability to produce in vitro round spermatids that have reached the stage of differentiation necessary for in vitro fertilization would open new possibilities for the treatment of male sterility. It will then be necessary to adapt the culture techniques for other species than rodents.
